Introduction {#s1}
============

Ipilimumab (Bristol-Myers Squibb) is a monoclonal, fully humanized IgG1 antibody against the T-cell coinhibitory receptor CTLA-4 that is the first agent to have shown improved survival in a randomized trial for patients with metastatic melanoma.[@R1] Since the Food and Drug Administration approval of ipilimumab in 2011 for the treatment of unresectable or metastatic melanoma, there have been studies aimed at combining other therapies to improve on these outcome results and to gain better insight into the immunologic mechanism of these immunotherapies.[@R2] One such combination is ipilimumab with granulocyte-macrophage colony-stimulating factor (GM-CSF). GM-CSF is a hematopoietic growth factor that stimulates the differentiation and proliferation of progenitor cells such as neutrophils, monocytes, macrophages, and myeloid-derived dendritic cells.[@R3] Dendritic cells are antigen-presenting cells involved with primary and secondary T-cell immune response. Because GM-CSF also acts as a mediator of proliferation, maturation, and migration of dendritic cells, it is not surprising that adjuvant therapy of melanoma with GM-CSF has been reported to improve overall survival.[@R4]

Prostate cancer is less responsive to immunotherapies compared with melanoma.[@R7] CTLA-4 blocking monoclonal antibodies has been studied extensively in patients with malignant melanoma. CTLA-4 blockade by ipilimumab results in long-term disease control in about 20% of metastatic melanoma patients.[@R8] However, two phase III studies of ipilimumab in prostate cancer failed to show improvement in overall survival.[@R9] There are many potential reasons for the difference in immunotherapy benefit between metastatic castration resistant prostate cancer (mCRPC) and melanoma patients including time of diagnosis and location of metastatic disease. One prominent theory is that melanoma is considered among the more immunogenic cancers. Genomic sequencing of tumor genetic material from melanoma patients reveals an increased rate of mutation especially UV-induced mutations.[@R11] Exome sequencing of mCRPC patients, however, shows an overall low rate of mutation.[@R13] Differences in response to CTLA-4 blockade between melanoma and prostate cancer could reflect the higher mutation frequency in melanoma that would result in a larger pool of neoantigens.[@R14]

We have previously reported response and outcome rates of a phase II clinical trial combination of ipilimumab and GM-CSF, which suggested that the combination could be more efficacious than ipilimumab monotherapy in patients with unresectable or metastatic melanoma.[@R5] A randomized phase II clinical trial of ipilimumab ±GM-CSF has confirmed improved clinical outcomes for the combination.[@R6] For mCRPC patients, we have found in a phase I trial that patients treated with ipilimumab and GM-CSF can result in clinical responses as well.[@R15]

CTLA-4 blockade has been shown to modulate the circulating T-cell repertoire. T cells recognize specific antigens via their T-cell receptors (TCR), which are made up of an α and β chain.[@R16] The diversity of the T-cell repertoire is generated through somatic recombination of the V, D and J segments. Stochastic nucleotide addition and deletions in the junctions further diversifies the highly variable complementary determining region 3 (CDR3).[@R17] In prior work, we have utilized next-generation sequencing of the TCR β chain to show that cancer patients treated with CTLA-4 blockade undergo active remodeling of their T-cell repertoire. Maintenance of high frequency clones and clonotype stability was associated with improved survival.[@R18] Here, we compare the effect that two cancer types have on patient's circulating T cells when treated with a combination of ipilimumab and GM-CSF.

Materials and methods {#s2}
=====================

Study design {#s2-1}
------------

The ipi+GM-CSF mCRPC study is a phase I/II clinical trial where 42 mCRPC patients were treated with anti-CTLA-4 (ipilimumab; Bristol-Myers Squibb) and GM-CSF (sargramostim; Sanofi) as described previously.[@R15] Study subjects had histologically confirmed metastatic prostate cancer with disease evident on CT, MRI, and/or bone scans. Subjects had disease progression CRPC as defined by the (prostate specific antigen) PSA Working Group Consensus Criteria.[@R20] Serial cryopreserved peripheral blood mononuclear cells (PBMCs) obtained at baseline and six on-treatment timepoints from 37 patients. Of these patients, 20 patients had fluorescence activated cell sorting (FACS) data and 22 had TCR sequencing data at pretreatment (week 0); 16 patients had FACS data and 35 patients had TCR sequencing data at on-treatment (week 2) (see [online supplementary figure 2 and table 1](#SP1 SP2){ref-type="supplementary-material"}). The ipi+GM-CSF melanoma study is a phase II clinical trial of anti-CTLA-4 antibody (ipilimumab) and GM-CSF in 21 patients with metastatic melanoma and determined clinical outcomes and immunologic responses.[@R5] Study subjects had histologically confirmed unresectable metastatic melanoma and at least one measureable lesion according to Immune-Related Response Criteria.[@R21] GM-CSF was administered at 125 µg/m^2^ for 14 days beginning on the day of the ipilimumab infusion. Blood samples for determination of immune subsets were obtained before treatment, at week 3 (end of cycle 1) and at week 6 (end of cycle 2); 21 patients had FACS data and TCR sequencing data at pretreatment (week 0). Of these 21 patients, 14 patients also had available FACS data and TCR sequence at on-treatment (week 3) (see [online supplementary figure 2 and table 2](#SP1 SP3){ref-type="supplementary-material"}).
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Flow cytometry {#s2-2}
--------------

PBMCs were thawed into complete media (10% heat-inactivated FBS, 1% non-essential amino acid, 2 mM L-Glu, 0.11 mg/mL sodium pyruvate, 25 mM hepes buffer, 2 g/L NaHC0~3~, 2 g/L glucose) and washed twice with FACS buffer (PBS with 2% heat inactivated fetal bovis serum (FBS) 2 mM EDTA). Cell surface staining was performed in FACS buffer for 30 min at 4°C. Intracellular FoxP3 was performed using the FoxP3 fix/perm buffer set (Biolegend) according to the manufacturer's protocol. The following antihuman antibodies were used: Alexa Fluor 700-CD3 (clone HIT3a), Brilliant violet 570-CD4 (clone RPA-T4), Brilliant violet 650-CD25 (clone BC96), Alexa Fluor 647-CD127 (clone A019D5), Alexa Fluor 488-FoxP3 (clone 206D), PECy7-CD69 (clone FN50), and Brilliant violet 421-PD-1 (clone EH12.2H7). Stained cells were fixed with Fluorofix buffer (Biolegend) according to manufacturer's instructions and acquired with an LSRII (BD Biosciences) flow cytometer. Data analysis was performed with Flowjo software (Flowjo, LLC). Gating strategy is shown in [online supplementary figure 1](#SP4){ref-type="supplementary-material"}. CD8+ T cells were defined as CD4−CD3+; CD4 T~eff~ cells were defined as CD4+CD3+FoxP3−; and T~regs~ were defined as CD4+CD3+FoxP3+. CD25, CD69, and PD-1 positive cells were gated off CD4 T~eff~ cells, T~regs~, CD8 T cells using isotype controls. CD127 positive cells were gated off CD4 T~eff~ cells, T~regs~, and CD8 T cells without an isotype control as the positive population was distinct from the negative population. Boolean analysis by Flowjo software was carried out to determine the different combinations of subsets. Percentage of positive cells were calculated back to the same parent lymphocyte gate. Frequency of total CD3+ and progeny subsets (in [table 1](#T1){ref-type="table"}) were obtained by adding the frequency of each subset from CD4 T~eff~ cells, T~regs~, and CD8 T cells. This was carried out in order to calculate correlation with TCR analysis as TCR sequencing was carried out from bulk PBMC. Absolute counts (per person of blood) for each immune subset were calculated by multiplying the percentage of lymphocyte gate with the absolute lymphocyte count quantitated on the day of blood drawn. Relative or ratio of counts was calculated as the counts in the on-treatment immune subset divided by the counts at baseline.

10.1136/jitc-2019-000368.supp4

###### 

Summary of change in circulating T-cell populations between mCRPC and metastatic melanoma patients

  Population                        Count ratio of mCRPC (n=13)   Count ratio of melanoma (n=21)   P value
  --------------------------------- ----------------------------- -------------------------------- ------------
  CD4+                              1.17 (0.31, 2.26)             1.67 (0.90, 3.10)                **0.0057**
  CD8+                              1.02 (0.25, 2.34)             1.53 (0.64, 3.53)                **0.0233**
  Total CD3+                        1.16 (0.29, 1.82)             1.59 (0.90, 3.17)                **0.0057**
  CD3+CD25+                         1.26 (0.24, 2.55)             1.59 (0.80, 4.13)                0.0764
  CD3+CD69+                         0.84 (0.10, 3.79)             1.52 (0.34, 20.33)               **0.0256**
  CD3+CD127+                        1.08 (0.29, 1.61)             1.49 (0.87, 3.41)                **0.0046**
  CD3+PD1+                          1.45 (0.28, 6.75)             1.84 (1.16, 6.16)                **0.0131**
  Total CD3+CD25+CD69+CD127+PD1−    0.60 (0.05, 2.37)             1.02 (0.32, 49.34)               **0.0335**
  Total CD3+CD25+CD69+CD127+PD1+    0.87 (0.09, 6.97)             2.06 (0.41, 9.08)                **0.0131**
  Total CD3+CD25+CD69+CD127+PD1−    0.98 (0.10, 2.72)             1.55 (0.28, 34.18)               **0.0472**
  Total CD3 +CD25+CD69−CD127+PD1+   1.50 (0.33, 5.54)             2.00 (0.98, 11.15)               **0.0472**

Count ratio was calculated as the count of each population at on-treatment time point divided by the count at baseline. 95% confidence intervals are included in parenthesis. P values was calculated to determine statistical significance between count ratios of mCRPC and melanoma T-cell populations.

p\<0.05 denoted in bold.

mCRPC, metastatic castration resistant prostate cancer.

TCRβ amplification and sequencing, clonotype identification, and counting {#s2-3}
-------------------------------------------------------------------------

The amplification and sequencing of TCRβ repertoire from RNA, read mapping to clonotypes via identification of V and J segments, and counting of the number of unique clonotypes have been previously described in detail.[@R18] Of note, after filtering for read quality, reads were mapped to a clonotype if at least two identical reads were found in a given sample. Clonotype frequencies were calculated as the number of sequencing reads for each clonotype divided by the total number of passed reads in each sample.

Statistical methods {#s2-4}
-------------------

In general, frequency distribution and percentages were used to summarize categorical variables, and median with range were used to describe continuous variables with boxplots. Comparison of continuous variables between two groups was performed using Wilcoxon rank sum test. Pearson's χ^2^ test was applied to determine statistical association between two categorical variables. The correlation between TCR results (diversity/dynamic indices) and FACS data was assessed by Spearman's rank correlation coefficient. Statistical significance was declared at p-value \<0.05 and no multiple testing adjustment was done. All statistical analysis was done with the statistical computing software R (<https://www.r-project.org/>).

TCR data assessment {#s2-5}
-------------------

TCR data analysis was performed following the analysis pipeline developed previously by our group.[@R20] To determine the relative change in diversity over time, relative clonality was calculated as the ratio of the clonality at on-treatment versus the baseline clonality, where clonality is formulated as $1 - \sum_{i = 1}^{n}p_{i}log_{e}(p_{i})/log_{e}(n)$, with $p_{i}$ being the frequency of clonotype *i* for a sample with *n* unique clonotypes.[@R23] Morisita's distance, a distance measurement from 0 to 1, maximally dissimilar to minimally dissimilar, respectively, was applied to examine the dynamic change in TCR repertoire from baseline to on-treatment for each subject.[@R18] In addition, each T-cell clone was categorized as "increased" if fold change (FC) is ≥4, as "decreased" if FC is ≤0.25, and as "unchanged" if 0.25 \<FC\<4, where FC was defined as the clone frequency at on-treatment divided by the frequency at week 0. For each subject, the percentage of TCR sequences falling into each change category was computed. Ratio of TCR convergent frequency was calculated as the ratio of the TCR convergent frequency at on-treatment versus the baseline. TCR convergent frequency was calculated as the aggregate frequency of clonotypes sharing an amino acid sequence with at least one other clonotype. The comparison of dynamic indices between patient groups was done by Wilcoxon rank sum test.

Furthermore, for the top 100 clonotypes that were identified based on the clonal abundance at baseline, the standard deviation (SD) of the rank changes from baseline to on-treatment was calculated. The rank change is defined as log10 of the ratio of rank at on-treatment versus rank at pretreatment. The smaller the SD, the more consistent the rank order is across time.

TCR sequencing cannot be directly compared between different patients because individuals do not share exact TCR nucleotide sequencing matches. However, V and J gene usage can be used to compare across different patients. Gene usage is defined as the number of clonotypes that use a particular combination of V and J genes normalized by the total number of unique clones. Random forest method was used to identify the genes whose relative frequencies from baseline to on-treatment were significantly different between melanoma and mCRPC patients.[@R25] Unsupervised hierarchical clustering and heatmaps were used to further illustrate the results.

Results {#s3}
=======

Treatment induces greater changes in circulating T cells in metastatic melanoma compared with mCRPC {#s3-1}
---------------------------------------------------------------------------------------------------

At baseline, the CD4+ and CD8+ T cell counts were not significantly different between melanoma and mCRPC patients (0.68 vs 0.64, p=0.267 and 0.21 vs 0.28, p=0.31, respectively). However, melanoma patients had greater change in the CD3+CD4+, CD3+CD8+, total CD3+CD69+, total CD3+PD1+, and total CD3+CD25 CD69+CD127+ T-cell populations from baseline to on-treatment compared with mCRPC ([table 1](#T1){ref-type="table"} and [figure 1](#F1){ref-type="fig"}).

![Modulation of different T-cell populations for mCRPC and melanoma patients with treatment. T-cell counts for specific populations were assessed by flow cytometry pretreatment after one cycle of treatmemt. (A) The count of CD4+ T cells. (B) The count of CD8+ T cells. (C) The count of CD25+ T cells. (D) The count of CD69+ T cells. (E) The count of CD127+ T cells. (F) The count of PD1+ T cells. (G) The count of CD25+CD69+CD127+PD1− T cells. (H) The count of CD25−CD69+CD127+PD1+ T cells. (I) The count of CD25−CD69+CD127+PD1− T cells. (J) The count of CD25−CD69−CD127+PD1+ populations. Each figure has two panels representing mCRPC (left) and metastatic melanoma (right). Each panel plots the population count at baseline and on-treatment with connected lines for each patient. The figures with \* indicate that there is a significant difference in the ratio of on-treatment count and baseline count of each respective T-cell population between mCRPC and melanoma patients (p\<0.05). mCRPC, metastatic castration resistant prostate cancer.](jitc-2019-000368f01){#F1}

Treatment induces greater change in the T-cell repertoire in melanoma patients than in mCRPC patients {#s3-2}
-----------------------------------------------------------------------------------------------------

To assess the changes in TCR repertoire induced by treatment, we assessed cryopreserved PBMC by TCR sequencing at baseline and on-treatment. The TCR repertoire of melanoma patients undergoes greater change compared with mCRPC patients ([figure 2A](#F2){ref-type="fig"}). While the proportion of clones present in both pretreatment and on-treatment were similar in metastatic melanoma and mCRPC patients, metastatic melanoma patients have a significantly higher proportion of clones that increased more than fourfold after the treatment compared with mCRPC patients (18.9% vs 11.0%, p=0.017) ([figure 2B](#F2){ref-type="fig"}). For clones present at both pretreatment and on-treatment, the median Morisita's distance tended to be lower in melanoma patients compared with mCRPC patients (0.59 vs 0.72 p=0.077), which indicates that there is more change within the T-cell repertoire of melanoma patients compared with mCRPC patients ([figure 2C](#F2){ref-type="fig"}). In addition, the ratio of TCR convergent frequency comparing convergence from baseline to post was greater in melanoma patients, suggesting that the TCR repertoire converges more in melanoma patients with treatment (1.22 vs 0.60, p=0.012) ([figure 2D](#F2){ref-type="fig"}).

![T-cell repertoire in melanoma patients undergo greater change with treatment compared with mCRPC patients. Changes in T-cell repertoire were assessed using NGS-based TCR sequencing. (A) The frequency of unique TCR for mCRPC and melanoma at baseline and with treatment are shown. Left and right scatter plots are from representative mCRPC and metastatic melanoma patients, respectively. Gray dots represent the clonotypes whose absolute log~2~FC less than 2, where FC is defined as the ratio of on-treatment frequency versus baseline frequency. (B) Comparison of the proportion of T-cell clones that increased in frequency by more than fourfold after the treatment are shown for metastatic melanoma and mCRPC patients (18.9% vs 11.0%, respectively, p=0.017). (C) Morisita's distance of clones present at both pretreatment and on-treatment is shown for metastatic melanoma and mCRPC patients (0.59 vs 0.72, respectively, p=0.077). (D) Ratio of TCR convergent frequency for metastatic melanoma and mCRPC patients (1.22 vs 0.60, p=0.012). mCRPC, metastatic castration resistant prostate cancer; NGS, next-generation sequencing; TCR, T-cell receptors.](jitc-2019-000368f02){#F2}

Treatment results in distinct VJ gene usage in melanoma and mCRPC patients {#s3-3}
--------------------------------------------------------------------------

With the TCR sequence, we could classify clonotypes in 877 VJ genes. We could then assess whether VJ gene usage within the T-cell repertoire changes with treatment. Random forest method shows the changes in gene usage of 12 VJ genes from baseline to on-treatment that were significantly changed in the individual melanoma and mCRPC patients ([figure 3](#F3){ref-type="fig"}). With unsupervised hierarchical clustering, the 12 VJ usages largely segregated based on disease. This included a greater decrease in the TCRV20.1 gene usage from baseline to on-treatment in mCRPC patients compared with metastatic melanoma patients. On the other hand, there was a greater decrease in the TCRJ2.6 gene usage from baseline to on-treatment in metastatic melanoma patients compared with mCRPC patients whom showed a greater increase.

![Changes in TCR VJ gene usage induced with treatment in mCRPC and melanoma patients. VJ gene usage was assessed within pretreatment and on-treatment T cells. Each column represents an individual single VJ gene combination, and each row represents an individual patient with red bar and black bar in left side of the heat map representing melanoma and mCRPC patients, respectively. The color code represents the log~2~(FC), where FC is the ratio of normalized gene usage at on-treatment versus baseline, with red to dark blue representing decreased to increased gene usage from baseline to on-treatment, respectively. mCRPC, metastatic castration resistant prostate cancer; TCR, T-cell receptors.](jitc-2019-000368f03){#F3}

Treatment results in greater change in the high frequency T-cell clonotypes in melanoma patients than in mCRPC patients {#s3-4}
-----------------------------------------------------------------------------------------------------------------------

When we focus on the top 100 most frequent clones at baseline for each study, we found that there was considerable change in frequencies of these most abundant clones post-treatment (representative patients shown in [figure 4A](#F4){ref-type="fig"}). The SD of the rank change from baseline to on-treatment was significantly greater in metastatic melanoma patients compared with mCRPC patients (1.05 vs 0.82, p=0.037) ([figure 4B](#F4){ref-type="fig"}). This further shows that despite receiving the same treatment, metastatic melanoma patients undergo greater rearrangement of ranks within high frequency T-cell clonotypes than mCRPC patients.

![Greater reshuffling of high frequency T-cell clones in melanoma patients with treatment. (A) The change in rank of matched T-cell clones pretreatment and on-treatment for the top 100 T-cell clones at baseline is shown. (B) The SD of rank change in the top 100 clones in mCRPC and metastatic melanoma are shown. The left and right boxplots represent the SD of rank changes in the top 100 clones at baseline for mCRPC and metastatic melanoma patients, respectively. The SD of rank change is greater in melanoma patients than in mCRPC patients (p=0.045).](jitc-2019-000368f04){#F4}

Correlation of T-cell frequencies with T-cell repertoire changes {#s3-5}
----------------------------------------------------------------

There was a significant positive correlation between the CD8+ T-cell counts and clonality at baseline for both melanoma patients (r=0.81, p=0.0004) and mCRPC patients (r=0.70, p=0.003), indicating that at baseline, the greater the CD8+ T-cell counts, the more clonal the overall TCR repertoire was ([figure 5A and B](#F5){ref-type="fig"}, [table 2](#T2){ref-type="table"}). Melanoma patients had a stronger and more significant correlation compared with mCRPC patients. There was also a significant negative correlation between the CD8+ T-cell counts at baseline and relative clonality (r=−0.81, p\<0.001) for melanoma patients, suggesting that a greater CD8+population at baseline predicted a more diverse TCR repertoire after the treatment. A similar correlation was also observed in mCRPC patients though much weaker and less significant (r=−0.59, p=0.02) ([figure 5C and D](#F5){ref-type="fig"}).

![Associations between T-cell counts and T-cell repertoire. (A) CD8+ T-cell counts plotted against clonality at baseline for mCRPC patients where each point represents an individual patient and the line represents the linear correlation (r=0.71, p=0.03). (B) CD8+ counts plotted against clonality at baseline for metastatic melanoma patients (r=0.81, p\<0.001). (C) CD8+ counts plotted against relative clonality for mCRPC patients (r=−0.59, p=0.022). (D) CD8+ counts plotted against relative clonality for metastatic melanoma patients (r=−0.82, p\<0.001). mCRPC, metastatic castration resistant prostate cancer.](jitc-2019-000368f05){#F5}

###### 

Associations between T-cell counts and T-cell repertoire

  Population              TCR index                       mCRPC   Melanoma            
  ----------------------- ------------------------------- ------- ----------- ------- -------------
  CD8+count at baseline   Clonality at baseline           0.71    **0.003**   0.81    **\<0.001**
  CD8+count at baseline   Relative clonality              −0.59   **0.022**   −0.82   **\<0.001**
  CD8+count at baseline   Proportion of increase clones   0.13    0.648       0.58    **0.029**
  CD8+count at baseline   Proportion of decrease clones   −0.57   **0.026**   −0.54   **0.045**
  CD8+ratio               Relative clonality              0.50    0.170       0.55    **0.041**
  CD8+ratio               Proportion of increase clones   −0.22   0.576       −0.69   **0.007**
  CD8+ratio               Proportion of decrease clones   0.23    0.546       0.61    **0.020**
  CD4+count at baseline   Clonality at baseline           0.34    0.216       0.28    0.326
  CD4+count at baseline   Relative clonality              −0.53   **0.038**   −0.29   0.311
  CD4+count at baseline   Proportion of increase clones   0.37    0.173       0.34    0.233
  CD4+count at baseline   Proportion of decrease clones   −0.38   0.160       −0.34   0.220
  CD4+ratio               Relative clonality              0.13    0.732       0.24    0.418
  CD4+ratio               Proportion of increase clones   0.07    0.864       −0.28   0.326
  CD4+ratio               Proportion of decrease clones   0.63    0.067       0.24    0.409

CD8+ and CD4+ count ratios were calculated as the count in the corresponding population at on-treatment divided by that at baseline.

p\<0.05 denoted in bold.

mCRPC, metastatic castration resistant prostate cancer; TCR, T-cell receptors.

Finally, the ratio of CD8+ T-cell counts from baseline to on-treatment was positively correlated with the proportion of TCR clones that decreased from baseline to on-treatment (r=0.65, p=0.011) and relative clonality (r=0.55, p=0.041), indicating that the greater the increase is in absolute count of CD8+ population, the more focused the TCR repertoire becomes in metastatic melanoma patients. In contrast, the ratio of CD4+ T cells from baseline to on-treatment was not significantly correlated with the proportion of clones that decreased in frequency (r=0.25, p=0.383) or in relative clonality (r=0.24, p=0.42).

Discussion {#s4}
==========

CTLA-4 blockade has been shown to result in long-lasting regression in some cancers. The addition of GM-CSF in combination with CTLA-4 blockade has been demonstrated to potentially be more efficacious than anti-CTLA-4 blockade monotherapy in metastatic melanoma.[@R5] Additionally, it has been shown to enhance antitumor immunity in prostate cancer.[@R15] Here, we show that its effect on circulating T cells differs based on the cancer type. Melanoma patients had a greater proportion of clonotypes increasing in frequency and a more convergent repertoire with treatment compared with mCRPC patients. This could reflect the high neoantigen burden seen in melanoma that would presumably help drive the expansion of antigen-specific T cells. Additionally, GM-CSF is a signal of proliferation, maturation, and migration for antigen-presenting cells such as dendritic cells, a potent activator of T cells. The combination of GM-CSF with CTLA-4 blockade might have further augment the observed increases in the T-cell repertoire.

The differential changes in VJ gene combinations from baseline to on-treatment are unexpected. TCR recombination and family usage should be relatively stochastic events. Nevertheless, we could distinguish between mCRPC and melanoma patients based on these changes. This could reflect a distinct antigen milieu, or perhaps other factors including prior treatments that the patients might have received (eg, hormonal therapy with prostate cancer). Among the 12 VJ gene combinations, V20.1 and J2 were the most highly used, which also happen to be the predominant V and J gene segments found in pancreatic cancer and in hepatitis B virus (HBV(-associated hepatocellular carcinoma.[@R26] While these gene segments may be associated with clones specific for common infections such as cytomegalovirus (CMV), given that they are differentially affected by treatment, these clones may actually play a larger role in targeting tumor.

While conventional CD4+ T cells are known to have greater repertoire diversity compared with CD8+ T cells, the absolute CD4+ T- cell count at baseline was not correlated with relative clonality. However, for both cancer types, a greater CD8+ T-cell count at baseline was associated with a more focused T-cell repertoire. In addition, the negative correlation between CD8 at baseline and relative clonality suggests that the CD8+ T cells drive the change in the diversity of the T-cell repertoire after treatment. Interestingly, the greater the change in CD8+ T-cell counts, the more focused the TCR repertoire in metastatic melanoma patients, an association not for mCRPC patients. This result further supports the notion that ipilimumab may affect different T-cell subset populations depending on the disease type. Performing TCR sequencing on sorted T-cell populations would help further characterize the effect on specific T-cell populations. In addition, analysis of specific sequences and motifs within the CDR3 region might also reveal tumor specificity.[@R28]

One major limitation of this study is that the on-treatment samples were taken at different times, 2 weeks for mCRPC population and 3 weeks for the melanoma population. This 1 week difference may be critical for the T-cell repertoire to undergo the changes seen in the melanoma population. Additionally, later time points were not analyzed in this study due to insufficient samples. Further studies need to be performed at later time points to determine long-term effects on the T-cell repertoire particularly as tumor responses are commonly evaluated at 12, 16, or 24 weeks post-treatment.[@R1]

The significant changes that the T-cell repertoire undergo in metastatic melanoma patients compared with mCRPC patients in on-treatment timeframe may parallel the relative effectiveness of CTLA4 blockade in these two diseases: CTLA-4 results in a survival benefit in metastatic melanoma but not in mCRPC patients where we see less of an impact on circulating T cells. As more trials with the same immunotherapies are performed in different diseases, assessment of the T-cell repertoire may further reveal how the immune system responds to different combination therapies in different disease contexts.
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